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Abstract 
 Energy storage systems have been developed to satisfy the demand of energy density for 
electric vehicles and large-scale ESS plants. The electrochemical stability window of 
commercial carbonate-base electrolytes is from cathodic limit 0.8V to anodic limit 4.3V vs. 
Li/Li+. The oxidation decomposition of carbonate electrolytes prevents realization of 5.0V-
class high voltage of Li-ion battery (LIB) because of problems such as capacity fading by 
decomposition of electrolytes and the Mn-dissolution of cathodes.  
 In this thesis, Multi-layer electrolyte cell (MEC) has improved the electrochemical high 
voltage stability and thermal stability by introducing an ionic liquid electrolyte as the cathode-
side electrolyte. The ionic liquid electrolyte has high electrochemical stability for high potential 
oxidative reaction compared to a carbonate-base electrolyte and thermal stability. The first 
MEC model has improved the stability of high potential and elevated temperature, but it has 
low reversible capacity compared to commercial electrolyte coin-cell. This is caused by the 
polarization losses: 1) activation polarization, 2) concentration polarization and 3) Ohmic 
polarization. 
 The Ohmic polarization is caused by the ionic conductivity of the electrolyte, electronic 
resistance of the active materials and current collectors and the interfacial resistance between 
them. MEC has high internal resistance of multi-layer electrolyte because the ionic liquid 
electrolyte and ceramic electrolyte pellet have interfacial resistance between them. We 
expanded the contact surface with porous LTAP pellet and ionic liquid to reduce the internal 
resistance of MEC. The porous type MEC has enhanced reversible capacity and good stability 
for high potential and temperature at low C-rate. MEC designs have intrinsic high internal 
resistance compared to commercial LIB, so the composition electrolyte of MEC should be 
develop their ionic conductivity and good interfacial resistance. 
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 The graphite anode forms the SEI layer (Solid electrolyte interphase) consuming the 
reversible lithium ion in LIB because the electrochemical stability window of the electrolyte is 
higher than the redox potential of graphite. The ceramic electrolyte Li1.3Ti1.7Al0.3(PO4)3 (LTAP) 
materials could provide an additional lithium source to recover the capacity of LIB full-cell. 
They have NASICON – type structure of two Li sites M1, M2. The M1 site is occupied by 
existing Li+ ion, additional Li+ ions can be inserted into the vacant M2 site. After the first charge 
cycle, LTAP has ionic conductivity 10-4 S/cm, so it helps lithium ion conduct inside the cell. 
LTAP materials provide an additional lithium source about 110 mAh/g. The contribution of 
lithium source material is confirmed by applying to graphite / LiCoO2 full-cell. To achieve 
higher capacity, ceramic electrolyte materials that have higher capacity could be applied. 
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Chapter 1 
 
1. Multi-layer electrolyte cell for stabilizing high voltage cathode material 
1.1 Introduction to rechargeable Li ion batteries 
The magnitude of the global energy market has been increased during several decades. 
People rely heavily on traditional fuels such as gasoline and natural gas and nuclear power 
plants to meet global energy demands. The consumption of fossil fuels has increased the release 
of greenhouse gases in the air, which causes abnormal weather phenomena like global warming. 
Although nuclear power generation has high energy density, it has great disadvantages of 
radioactive pollution waste. Engineers and researchers have instituted renewable energy plants 
to reduce dependence on traditional fuels and nuclear power. However, it is difficult to match 
the energy demand with renewable energy generation. Instead, energy storage systems (ESS) 
have been introduced to recover the energy deficiency when the energy demand exceeds the 
generation of renewable energy. One storage facility has a capacity between 100 kW and more 
than 100 MW 1. 
Portable electric devices like mobile phones, laptop computers and electric vehicles (EV) as 
well as bulk ESS have been spotlighted world widely. EVs require an energy density more than 
one hundred times larger as that of other devices. People have designated the target for higher 
energy density than the current density of 140 Wh/kg, the distance 160 km covered. Li+ ion has 
high specific coulombic charge except for hydrogen compared to other elements and Li-ion 
batteries (LIB) could provide high energy density as shown in Table 1. Researchers have 
investigated many materials to increase the energy density of LIB.  
13 
 
 
        Table 1. Major rechargeable batteries characteristics 2. 
 
The 4.0V LIB has been developed since Prof. John B. Goodenough demonstrated LiCoO2 
layered structure in 1979. SONY company commercialized rechargeable lithium ion battery 
graphite / LiCoO2 in 1990. The commercialized lithium ion battery is composed of lithium 
cobalt oxide cathode, graphite anode, carbonate-based electrolyte and polyolefin separator in 
figure 1.1. Cathode and anode materials decide the energy density of the LIB, while the 
polyolefin separator prevents short-circuits between the cathode and anode. The role of 
electrolyte is to deliver the solvated Li+ ion to each electrode during charging or discharging 
process, so it balances the charge of electron with Li+ ion inside the battery. 
An electrochemical cell operate within an electrochemical stability window of the electrolyte 
in figure 1.23. The electrochemical stability window is the energy level interval between the 
highest occupied molecular orbital (HOMO) level and the lowest unoccupied molecular orbital 
(LUMO) level of the electrolyte molecule, which is the voltage range between which the 
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substance is neither oxidized nor reduced. The cathode and anode materials are able to have 
reversible redox couple reaction without any side reactions of the electrolyte inside this window. 
 
Figure 1.1 Li ion batteries system components.  
 
The commercialized electrolyte has the electrochemical stability window from cathodic limit 
0.8V to anodic limit 4.3V vs. Li/Li+. The cathode materials LiCoO2, LiFePO4 has the redox 
couple potential 4.0V, 3.5V vs. Li/Li+ respectively. However, it is necessary to research higher 
potential materials than these materials to meet the increasing demand for energy density. The 
investigation of high potential materials should be developed with the research of an electrolyte 
that is stable at high potential. The multi-layer electrolyte cell is designed to develop the stable 
electrolyte at high voltage in this chapter. 
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   Figure 1.2 Electrochemical potential diagram of electrodes materials and electrolytes 3. 
 
The potential of the graphite anode exceeds the electrochemical stability window of the 
electrolyte. The graphite anode forms a solid electrolyte interphase layer (SEI layer) during the 
decomposition of the electrolyte. This SEI layer insulates the graphite anode from the 
electrolyte and is permeable to lithium ion, so it prevents further decomposition of the 
electrolyte during cycle. The ideal SEI layer remains stable during cycle. However, it is broken 
down and reconstructed repeatedly. The formation of the SEI layer consumes the reversible 
lithium ion, which means that the reversible capacity of the LIB decreases. The breakdown of 
SEI layer is accelerated in harsh conditions such as elevated temperatures. An inorganic solid 
electrolyte as lithium ion additive that could recover the reversible capacity is introduced in 
chapter 2. 
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1.2 Multi-layer electrolyte cell for high voltage cathode material 
5.0V-class spinel LiNi0.5Mn1.5O4 cathode materials have high redox potential of 4.7V vs. 
Li/Li+ and it has a reasonably high theoretical capacity of 147 mAhg-1 shown as figure 1.33, so 
has become a promising candidate for the realization of a high energy density LIB. However, 
some critical drawbacks for the commercialization of LiNi0.5Mn1.5O4 for LIB application are 
that oxidative decomposition at the LiNi0.5Mn1.5O4 – electrolyte interfaces occur because of the 
low anodic limit of the commercial carbonate-based electrolytes, around 4.3V vs. Li/Li+. 
Second, spinel LiNi0.5Mn1.5O4 causes the “Mn dissolution” problem that reduces the cyclability 
of full-cells with graphite anode critically.  
 
Figure 1.3 Schematic representation potential vs. capacity of Li-ion battery electrode materials 3. 
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The Mn dissolution reaction mechanisms are shown in figure 1.4. There are two possible 
Mn dissolution mechanisms (2Mn3+solid  Mn4+solid + Mn2+solution). A trace of water in cell 
components such as electrode surfaces, separator and electrolyte can accelerate the undesirable 
side reaction with LiPF6 in the electrolyte followed by a series of reactions4,5,6. 
LiPF6 ↔ LiF(s) + PF5 
PF5 + H2O ↔ POF3 + 2HF 
POF3 + H2O ↔ PO2F2H + HF 
PO2F2H + H2O ↔ PO3FH2 + HF 
PO3FH2 + H2O ↔ PO4H3 + HF 
 
   Figure 1.4 Mn dissolution reaction mechanism of spinel structure 4. 
H+ ions in HF react with LiMn2O4 to degrade into MnO and MnO2 according to 2LiMn2O4 
+ 4H+  3MnO2 + MnO + Li2O + 2H2O7. The other is the HF attack to LiMn2O4 structure8. 
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MnF2 formation is according to the following reaction8 : 
2LiMn2O4 + 4H+ + 4F-  3MnO2 MnF2 + 2LiF + 2H2O 
In harsh conditions of high potential and elevated temperatures, PF6- anions tend to degrade 
to PF5-, and subsequently Mn4+ ions are easier to reduce to Mn3+, as follows: 
LiPF6  PF5 + e- 
Mn4+ + e-  Mn3+ 
The result is that the problem of Mn dissolution is often activated at elevated temperatures, 
which means the spinel structure has Mn-defects backbone. Mn4+ ion remains on the 
LiNi0.5Mn1.5O4 surface due to its insolubility in the carbonate-based electrolyte. However, 
Mn2+ ion is soluble in the electrolyte and move from the structure of cathode to the graphite 
surface. The Mn2+ ions are reduced on the surface of the graphite material, which results in the 
capacity fading by Mn deposition and new SEI layer formation at the Mn particle on the 
graphite`s surface9,10. It is difficult to examine the influence of Mn dissolution in the full-cell 
from the overall capacity fading because the capacity fading comes from Mn dissolution and 
decomposition of the electrolyte in the traditional cell design simultaneously.  
Multi-layer electrolyte cell (MEC) is designed to separate and examine the impact of Mn 
dissolution from decomposition of the electrolyte shown as figure 1.511. MEC introduces the 
ceramic solid electrolyte Li1.3Ti1.7Al0.3(PO4)3 dense pellet to separator the carbonate-base liquid 
electrolyte into individual positive and negative compartments. The solid electrolyte conduct 
Li+ ion selectively, which means that Mn2+ ion and other products of the decomposition cannot 
pass through the solid electrolyte to reach the anode side. Therefore, the capacity fading of 
graphite/LiNi0.5Mn1.5O4 should be coming from the following sources 1) Li loss by oxidative 
decomposition of carbonate electrolyte over 4.3V vs. Li/Li+, 2) Mn loss from spinel structure, 
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Figure 1.5 (a) Multi-layer electrolyte cell for investigating electrochemical mechanism and impact on 
high voltage cathode materials, (b) examination of the influence of the Mn dissolution on the LIB full-
cell, TEM images of cycled graphite electrode (c) commercial coin cell, (d) MEC 11. 
 
3) Li+ ion consumption during the general formation of SEI layer on graphite, 4) Li+ ion 
consumption by the reduction of Mn2+ on graphite (Mn2+ + 2LiC6  Mn + 2Li+ + graphite), 5) 
new SEI layer formation at the Mn particle on the graphite. MEC gauges the influence of the 
Mn dissolution; 4),5) separated from 1), 2), 3). MEC identifies its ability to prevent the 
crossover of Mn2+ ions and to improve the electrochemical performances of the cell. We expect 
that MEC can test another high voltage materials improving electrochemical reaction of 
cathode. 
This study makes the multi-layer electrolyte cell (MEC) which is composed of three 
electrolytes: inorganic solid electrolyte, ionic liquid electrolyte, and carbonate-based 
Mn particles on the graphite 
anode surface.  
(a) (b) 
(c) (d) 
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electrolyte in figure 1.6. Inorganic solid electrolyte separates the ionic liquid electrolyte, 
carbonate-based electrolyte and side-reaction decomposition product. It also provides the Li 
ion pathway through them. Ionic liquid electrolytes are reported to have lower HOMO energy 
level than carbonate-based electrolytes, so they stabilize the electrochemical reaction at high 
voltage cathode. The carbonate-based electrolyte has stable solid electrolyte interphase layer 
on anode like Li metal or graphite. Therefore, we will examine the performance of the multi-
layer electrolyte cell and improve the properties of the multi-layer electrolyte cell and the high 
voltage cathode material.  
Figure 1.6 (a) Schematic multi-layer electrolyte cell blocking the crossover of the decomposition 
product, (b) electrochemical potential for the component of the multi-layer electrolyte cell 11. 
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1.3 Lithium ion conducting solid oxide electrolyte 
 Most inorganic solid electrolyte materials have crystalline structures with a specific 
framework formed of coordination polyhedral and exhibit anisotropic conductivity to achieve 
fast ion transport through vacant and interstitial sites in the framework structure12. These ion 
conductors should contain mobile ions with disordered sublattices that are of a suitable size to 
fit through the smallest cross-sectional area of the conducting channel (termed the bottleneck) 
in conduction pathways. The optimum concentrations of vacancy and interstitial sites, excess 
isovalent sites with nearly the same potential energies as those of the occupied sites make stable 
framework ions with different coordination numbers, and weak interaction forces between the 
mobile ions and main framework. We classify inorganic solid electrolytes into three types based 
on the different heteroatoms in their ligand; oxide, sulfide and nitride solid electrolytes. The 
oxide materials have high moisture stability and wide electrochemical window compared to 
sulfide and nitride solid electrolyte, so we focus on the oxide materials. We summarize the 
oxide solid electrolyte in figure 1.7 
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 Figure 1.7 Categories of the solid oxide electrolyte 
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1.3.1 Lithium superionic conductors 
As early as 1978, Hong reported Li14Zn(GeO4)4 with a conductivity of 0.13 S cm-1 at 300 ℃. 
Li14Zn(GeO4)4 can be a solid solution of Li4GeO4 and Zn2GeO4 with a three-dimensional 
[Li11Zn(GeO4)4]3- anion skeleton. The additional lithium ion in this Li-rich solution based on 
γ-Li2ZnGeO4 occupies interstitial octahedral sites13 and the extremely elevated temperature 
factors of the remaining three lithium ion render them more mobile. At the same time, every 
O2- forms strong covalent bonds with the skeleton cations so that the oxygen charge density is 
polarized away from Li+ and the interaction force with the mobile Li+ weakens, giving rise to 
a low migration activation energy of about 0.24eV. LISICON-type electrolytes can operate at 
elevated temperatures because of their thermal stability and near-zero vapor pressure as well 
as their stability in the presence of water and aqueous electrodes. Even so, most LISICON 
electrolytes have been reported to have low ionic conductivity at room temperature (10-7 S cm-
1), and they suffer from instability with Li and air14,15,16.  
 
1.3.2 Sodium superionic conductors 
Sodium superionic conductor (NASICON) Na1+xZr2P3-xSixO12 was reported by Goodenough 
et al in 1976 17. The crystalline NASICON framework substitutes partial P with Si in 
NaM2(PO4)3 and consists of corner-sharing PO4 tetrahedron and MO6 octahedron assembled to 
form a 3D network structure17. This material maintains its original NASICON structure and 
turns into a lithium conductor when the sodium ions are replaced by lithium ions. This lithium 
conductor has lower ionic conductivity than that of the sodium conductor. The original 
channels suitable for Na+ are too large for Li+ because of Li+ has a smaller ionic radius than 
Na+. Li-O bonds are more covalent and stronger than Na-O bonds, Li+ is less mobile than Na+. 
The partial substitution of framework ions with different elements is studied to optimize the 
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performance, especially the ionic conductivity. Because trivalent Al has a smaller ionic radius 
(0.53Å) than those of Ti and Ge, the partial substitution Ti with Al in LiTi2(PO4)3 and Ge in 
LiGe2(PO4)3 results in Li1+xTi2-xAlx(PO4)3 (LTAP) and Li1+xGe2-xAlx(PO4)3 (LGAP) 
respectively, which possess higher ionic conductivity than before18. The reason why these Al-
doped electrolytes displayed remarkable enhancement of conductivity was that favorable 
conductive phases of LTAP and LGAP with a small uniform grain boundary are generated18. 
The highest conductivities at room temperature of LTAP and LGAP are 10-3 and 10-2 S cm-1 
respectively. Because they have different space-charge effects, the grain-boundary resistances 
of LGAP were lower than those of LTAP19,20. NASICON-type electrolytes have the advantages 
of their high ionic conductivity, high moisture stability and wide electrochemical window of 
about 7V. However, the typical shortcoming of LTAP materials is the reduction of Ti4+ by the 
metallic Li anode. Therefore, the Ti-free NASICON compound LGAP is the candidate for 
application in the future. 
 
1.3.3 Perovskites 
A perovskite structure ABO3 (Li3xLa2/3-xTiO3) displays a high bulk conductivity of 10-3 S 
cm-1 at room temperature21. Univalent Li and trivalent La occupy the A-sites in the perovskite-
type framework supported by corner-sharing TiO6 octahedral. The presence of La with its larger 
radius and higher valence results in more numerous vacancies, allowing Li+ to migrate 
efficiently through the defect-type mechanism to attain high bulk-ionic conductivity22,23. The 
bottleneck is surrounded by two A-sites and four O ions, and its size is the predominant factor 
controlling the activation energy for ionic conductivity24. Despite its high conductivity at room 
temperature, the application of (Li, La)TiO3 as a solid electrolyte is not favorable because the 
compound rapidly reacts with lithium anode leading to the reduction of Ti4+ to Ti3+ 25. 
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1.3.4 Garnet 
A general garnet has chemical formula of A3B2(XO4)3 (A=Ca, Mg, Y, La or rare earth; B=Al, 
Ga, Ge, Mn, Ni or V; X=Si, Ge, Al) where A, B and X are cation sites with eight, six and four 
coordinated O ions, respectively26. Thangadurai and Weppner reported novel garnet-type 
conductors, nominal chemical compositions Li5La3M2O12 (M=Nb or Ta) and Li6Al2M2O12 
(A=Ca, Sr or Ba; M=Nb or Ta)27. After that, they announced a promising zirconium-containing 
garnet-like conductor, Li7La3Zr2O12 with total conductivity of 3 x 10-4 S cm-1 28. These garnet-
type compounds show exceptional electrochemical stability of about 6V vs. Li metal and low 
electronic conductivity29. It is also noteworthy that the inter- and intra-grain conductivities of 
these materials are the same order of magnitude30. However, these garnet-type compounds are 
limited by their reactivity with redundant lithium and adsorbed H2O or CO2. 
Overall, most oxide solid electrolytes exhibit low ionic conductivities and reactivity to 
moisture and air, but some oxide materials such as NASICON-type, perovskite possess high 
ionic conductivities enough to apply and have stability to moisture and air. Therefore, we use 
the NASICON-type solid electrolyte for multi-layer electrolyte because NASICON-type 
structure can avoid the reaction to lithium metal. 
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1.4 Ionic liquid electrolyte  
A species of salt that has a low melting point below room temperature is generally called 
room temperature ionic liquid (RTIL). These ionic liquids have been studied as lithium-ion 
electrolyte. RTIL usually have a molecular ionic salt such as quaternary ammonium [R4N] + or 
based on cyclic amines, both aromatic (pyridinium, imidazolium) and saturated (piperidinium, 
pyrrolidinium), shown as figure 1.8. Cations could be extended by incorporating functional 
group of the cyclic structures. As well, anions may be based on structure of inorganic halide 
and cyano groups, such as [Ag(CN)2]-, [C(CN)3]-, or [N(CN)2]-. There are many combinations 
of cation and anion, which determine the ionic liquid physical, electrochemical properties; 
conductivity, electrochemical stability. Some of the most popular RTILs as electrolyte for LIB 
are N-butyl-N-methylpyrrolidinium bis(triflruoromethanesulfonyl)imide (Py14 TFSI) and 1-
Ethyl-3-methylimidazolium bis(trifluoromethylisulfonyl)imide (EMI TFSI). Their ion 
conductivities are determined by molar concentration (ci) and viscosity (η) according to stokes 
law σ = ((zi)2Fci) / (6πηri) 31. These ionic liquids are reported to have ionic conductivities of 
10-3 S cm-1 at room temperature comparable to carbonate-based electrolytes and wide 
electrochemical windows (>5 V vs. Li/Li+)32. Their application in LIB has been widely studied 
and reported33–40. In this study, ionic liquid electrolytes are used to repress the oxidation 
decomposition of the electrolyte at high potential. Their good electrochemical stability for 
oxidative reactions, thermal stability and non-flammability compared to the carbonate-base 
electrolyte currently commercialized in LIB, may result in improved stability performance at 
high potential cathode and elevated temperatures, which could match the x Li2MnO3 ∙ (1-x) 
LiMO2 cathode materials 34,35,41.  
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  Figure 1.8 Structure of ionic liquids 
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1.5 Over-lithiated layered oxide (OLO) cathode materials 
Over-lithiated layered oxide x Li2MnO3 ∙ (1-x) LiMO2 materials have been reported to be 
promising candidates for high energy density. OLO materials have high capacity, over 200 
mAhg-1, and high operating potential up to ~4.8 V vs. Li/Li+. These OLOs have been notated 
with two completely different structural understanding: composite two component x Li2MnO3 
∙ (1-x) LiMO2 (M = Mn, Ni, Co, Fe, Cr, etc.) and solid-solution Li1+(x/(2+x))Mn2x/(2+x)M(2-
2x)/(2+x)O2 (M = Mn, Ni, Co, Fe, Cr, etc.)42,43. Both notations are equal to the same materials. To 
grasp the complicated electrochemical reaction mechanism during first and following 
galvanostatic cycles of these OLO materials, a three-dimensional compositional phase diagram 
is shown in figure 1.9. The LiMO2 components are charged up to 4.4V and Li2MnO3 
components are activated over 4.5V vs. Li/Li+. The Li2MnO3 component with tetravalent 
manganese cation and monovalent lithium cation is difficult for tetravalent manganese cation 
to oxidize during charging. Instead of the oxidation of tetravalent manganese cation, the 
divalent oxygen anion is oxidized and oxygen gas is released shown as the reaction equations 
below. 
  LiMO2   Li+ + e- + MO2 (under 4.5V) 
Li2MnO3   2Li+ + 2e- + MnO2 + 1/2O2↑ (over 4.5V)  
The reaction of the Li2MnO3 components is irreversible because oxygen gases are released 
from the Li2MnO3 components and their phase composition changed. However, it is difficult 
to examine whether and how much the new phase in MnO2 changes exactly. During the first 
galvanostatic discharge process, Li+ ions insert into the MO2 phase and newly formed MnO2 
components, while the inactivated Li2MnO3 structure remain in these complex layered 
materials44–46. Therefore, the electrochemical reaction trace and composition state should be in 
the intermediate chemical composition Li2MnO3, LiMnO2, and LiMO2. 
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Figure 1.9 Compositional phase change during the electrochemical reaction pathway for x 
Li2MnO3·(1-x) LiMO2 materials 42. 
 
The operating temperature and the current density during the cycle are considered crucial 
factors to influence the Li2MnO3 activation and reversible capacity. As seen in Fig. 1.10, two 
respective cells were cycled at different temperatures. The low C-rate and elevated temperature 
raised the charge and discharge capacity of Li / Li1.2Ni0.15Mn0.55Co0.1O2 half-cell. The harsh 
conditions of a high temperature and high voltage accelerate the possible electrochemical redox 
reaction of cations in a solid matrix (Mn4+/Mn5+, Mn5+/Mn6+) and redox reaction of anion on 
surface (O2-/O22-) in terms of lithium insertion scheme46 47. Naoaki et al reported that OLOs 
represent extra discharge capacity from electrochemical OLO`s surface reaction of the oxygen 
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molecules46. During the first charge, Li2MnO3 component changes into MnO2, oxygen 
molecules occur at 4.5V vs. Li/Li+ plateau. The oxygen molecules existinged inside the cell are 
electrochemically reduced in the subsequent discharge below 3.0V, leading to the extra capacity. 
The reaction mechanism of these OLOs at elevated temperatures may be different and more 
complicated compared with those at room temperature. 
The oxidative decomposition of electrolyte and electrochemical reaction mechanism of 
cathode materials occur at the interface between cathode and electrolyte. Since the condition 
with 4.3 V vs. Li/Li+ negatively affects the reversibility of the phase on cathode material and 
interface between cathode and electrolyte, it is difficult to comprehend the mechanism and 
reaction on the cathode. The oxygen released from Li2MnO3 component could react with 
cathode`s surface mysteriously or cross over into anode, affecting the performance of the OLO 
materials through an unknown mechanism. Therefore, the Multi-layer electrolyte cell (MEC) 
separates the electrolyte into two compartments, so preventing the crossover of the oxygen 
released from Li2MnO3 component to anode side like Mn dissolution as shown in figure 1.5. 
MEC could replace carbonate-based electrolyte for cathode side with ionic liquid electrolyte 
which is reported to have good electrochemical stability for oxidative reaction, thermal stability 
and non-flammability compared to the carbonate-bases electrolyte currently commercialized 
in LIB. The organic carbonates are used by the anode`s side electrolytes that are stable for 
lithium metal or graphite. 
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Figure 1.10 Voltage profile of first cycle half-cell for Li / Li1.2Ni0.15Mn0.55Co0.1O2 at C/10 rate 
and different temperature 
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1.6 Experiment 
1.6.1 Preparation of ionic liquid electrolyte and electrode 
Ion liquids 1-ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl) imide (EMI TFSI), 
1-butyl-1-methyl pyrrolidinium bis (trifluoromethylisulfonyl) imide (Py14 TFSI) and lithium 
bis (trifluoromethylisulfonyl) imide (Li salt) were purchased from sigma-aldrich. The lithium 
salt, Py14 TFSI (1: 9 mol ratio) and EMI TFSI (1: 9 mol ratio) ionic liquid electrolyte were 
made respectively. The electrochemical stability window of ionic liquid was measured using 
Li metal as counter electrode and reference electrode, Voltammetry (LSV) was measured 
carbonate-based liquid electrolyte 1.0M LiPF6 in ethylene carbonate: dimethyl carbonate (1: 1 
vol%) that was purchased from Panax Etec. 
The cathode material Li1.2Ni0.15Mn0.55Co0.1O2 material, different notation 0.4Li2MnO3 ∙ 
0.4LiNi0.375Mn0.375Co0.25O2, was obtained from the Argonne national laboratory. A positive 
electrode slurry was prepared by mixing 80 wt% Li1.2Ni0.15Mn0.55Co0.1O2, super P 10 wt%, and 
pvdF 10 wt% dissolved in NMP solvent (N-methyl-2-pyrrolidinon). The slurry was cast onto 
aluminum foil at a density of 2.5 mg/cm2. The prepared cathode was dried in an 80 ° C oven 
for 2 hours and rolled to press electrode. The dried electrode was stored in a vacuum oven at 
80 ° C for one day. 
 
1.6.2 Synthesis of inorganic electrolyte 
Preparation of the Li1.3Ti1.7Al0.3(PO4)3 was made with process11,20,48,49,47–51. LiCl, 
Al(NO3)3∙9H2O, NH4H2PO4 were dissolved in distilled water according to the stoichiometry. 
Added Ti(OC4H9)4 to the homogeneously dissolved solution. Continuous ball-milled the 
precursor solution for 24h. Spray – dryed the precursor solution to obtain uniform shape of 
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precursor powder. Li1.3Ti1.7Al0.3(PO4)3 powder was obtained through primary heat treatment 
400 °C 2h and secondary heat treatment 900 °C 4h. 
To make LTAP pellets, LTAP powder was pelletized at a pressure of 40 MPa in a first-round 
mold, then molded at 200 MPa by secondary cold isostatic press method. Molded pellets were 
heat treated at 900 ° C for 10h to form LTAP pellets.  
To make a porous LTAP pellet, we mixed the LTAP powder and the precursor components 
at a certain ratio to make an aqueous solution and obtain a homogeneous powder with a spray 
- dryer. A homogeneous mixture is made into a pellet at a pressure of 40 MPa in a primary 
round mold, and then molded into a 200 MPa by cold isostatic press method. Heat the formed 
pellet to 900 ° C 10h. Syntheses the precursor with LTAP and leaves pores as the gaseous 
components fly. Porosity was analyzed by thermogravimetric analysis and theoretical density. 
In order to measure the ionic conductivity of OHARA product, it was measured by AC 
impedance after Pt coating. 
 
1.6.3 Assembly of the multi-layer electrolyte cell 
Figure 1.6 shows the conceptual diagram of the Multi-layer electrolyte cell (MEC) and 
electrochemical potential for the MEC components. MEC uses ionic liquid electrolyte, 
carbonate-based electrolyte, electrode, current collector (Cu, Ni, Al). Dense ceramic 
Li1.3Ti1.7Al0.3(PO4)3 pellet was purchased from OHARA. The thickness of pellet was 0.8 mm 
and it was sealed in the form of pouch completely separating the electrolyte of the anode and 
the electrolyte of the cathode. The carbonate electrolytes 1.0M LiPF6 in EC: DMC (1: 1 vol%) 
and ionic liquid electrolyte LiTFSI 0.1 mol% in Py14 TFSI, LiTFSI 0.1 mol% in EMI TFSI 
were used. The cathode composition was composed of 80 wt% of Li1.2Ni0.15Mn0.55Co0.1O2, 10 
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wt% of super P, 10 wt% of PvdF, and maintained a loading density of 2.8 mg / cm2 in an 
aluminum current collector by making slurry uniformly with a think mixer. It is used by 
bonding to lithium metal anode and Nickel current collector. 
 
1.6.4 Assembly of the porous pellet-type multi-layer electrolyte cell 
Porous pellet type cells were made using Swagelok cells. The fabricated porous LTAP pellet 
was impregnated with an ionic liquid Py14 TFSI. After a small amount of ionic liquid was 
pelletized and the cathode was left in a vacuum for a certain period, the ionic liquid was inserted 
between the porous of the pellet. A 1.0 M LiPF6 in EC: DMC (1: 1 vol%) with a glass fiber 
separator between the pellet and Li metal was used. 
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1.7 Result and Discussion 
The ceramic solid electrolyte Li1.3Ti1.7Al0.3(PO4)3 pellet was introduced into Multi-layer 
electrolyte cell to separate electrolytes into cathode and anode compartment. To measure the 
ion conductivity of the OHARA pellet Li1.3Ti1.7Al0.3(PO4)3, the pellet was plated with Pt to 
measure the AC impedance. The electrical conductivity of the NASICON-tpye structure is very 
low, so the electrical conductivity was negligible considering the influence of ionic 
conductivity and electrical conductivity of electrochemical impedance spectroscopy as shown 
in figure 1.11. The ion conductivity of the pellet was calculated as Ion conductivity = d / R x 
A, where d = distance between two electrodes, R = electrolyte resistance, and A = electrode 
Area. The ionic conductivity of the OHARA pellet was measured as 1.9 x 10-4 S/cm. 
 
Figure 1.11 Electrochemical impedance spectroscopy of ceramic electrolyte Li1.3Ti1.7Al0.3(PO4)3 pellet. 
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Oxidation stability of some of liquid electrolytes was measured by linear sweep voltammetry. 
Lithium metal anode was employed as a counter electrode and reference electrode to measure 
the oxidative decomposition current of liquid electrolytes generated at the working electrode. 
As seen in figure 1.12 (a), commercial carbonate liquid electrolyte 1.0M LiPF6 in EC: DMC 
(1: 1) showed the oxidation decomposition current peak at 4.3V vs. Li/Li+. Ionic liquid 
electrolyte LiTFSI 0.1 mol% in EMI TFSI electrolyte showed small oxidation peak 4.6V vs. 
Li/Li+ and main electrolytic decomposition reaction of EMI TFSI occured at over 5.1V.  
Figure 1.12 (a) Linear sweep voltammetry for the ionic liquid electrolytes, (b) ion-conductivity of the 
1-Butyl-1-methyl pyrrolidinium bis(trifluoromethylsulfonyl)imide. 
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 LiTFSI 0.1 mol% in Py14 TFSI electrolyte has a higher voltage stability than LiTFSI 0.1 mol% 
in EMI TFSI. Therefore, Py14 TFSI ionic liquid electrolyte was applied to cathode-side 
electrolyte of multi-layer electrolyte cell. The ion conductivity of the Py14 TFSI measured 5.0 
x 10-4 S/cm by electrochemical impedance spectroscopy as shown in figure 1.12 (b). Ionic 
liquid electrolyte had lower ion conductivity than carbonate-based electrolyte and high 
viscosity, which caused theionic liquid electrolyte not tohave good interface with ceramic solid 
electrolyte Li1.3Ti1.7Al0.3(PO4)3 pellet. We will improve the limitation of multi-layer electrolyte 
cell by expansion of the contact area with solid electrolyte and ionic liquid electrolyte. 
The over-lithiated layerd oxide material has a high capacity of more than 200 mAh / g and is 
attracting attention as a next generation LIB cathode material. In particular, it is believed that 
this material has a higher capacity (over 300 mAh / g) at higher temperatures and a reaction 
mechanism that is different from room temperature. We tested at 55 ° C to maximize the  
Figure 1.13 Charge and discharge voltage profile for Li / Li1.2Ni0.15Mn0.55Co0.1O2 half-cell at C/10 rate 
and 55`C. 
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stability impact of multi-layer electrolyte cells. As seen in figure 1.13, Li / 
Li1.2Ni0.15Mn0.55Co0.1O2 half-cell test using coin cell conventional electrolyte showed high 
capacity close to 300 mAh/g at 1/10 C-rate (1C = 377 mAh/g). However, it had low coulombic 
efficiency and cell death after 10 cycles due to thermal stability problem. As seen in figure 1.14, 
Multi-layer electrolyte cell (MEC) of (1.0M LiPF6 in EC: DMC (1:1) / Solid electrolyte / 1.0M 
LiPF6 in EC: DMC (1:1)) has higher thermal stability compared to that of coin cell. Although 
conventional liquid electrolytes are oxidized over 4.3V potential and 55`C harsh conditions, 
MEC has reasonable capacity up to 15 cycle number. We expect to improve stability by 
replacing conventional liquid electrolytes with ionic liquid. 
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Figure 1.14 (a) Charge and discharge voltage profile showing voltage vs. capacities (b) capacity vs. 
cycle number for Multi-layer electrolyte cell (1.0M LiPF6 in EC: DMC (1:1) / Solid electrolyte / 1.0M 
LiPF6 in EC: DMC (1:1)) of Li / Li1.2Ni0.15Mn0.55Co0.1O2 at C/10 rate and 55`C. 
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As seen in figure 1.15 (a), Multi-layer electrolyte cell using ionic liquid (1.0M LiPF6 in EC: 
DMC (1:1) / Solid electrolyte / 0.1 mol% LiTFSI in Py14 TFSI) has reversible capacity during 
cycle. It is suspected that the oxidation of conventional carbonate-base liquid electrolyte over 
high voltage (4.3V) aggravates the structural changes of the cathode materials compared to 
figure 1.13 and 1.14 (a). Multi-layer electrolyte cell (1.0M LiPF6 in EC: DMC (1:1) / Solid 
electrolyte / 0.1 mol% LiTFSI in Py14 TFSI) delivers less 200 mAh/g discharge capacity at 1/30 
C-rate 55`C while conventional coin cell exhibits approximately 300 mAh/g at 1/10 C-rate 
55`C. It is caused by the polarization losses and internal impedance in the cell associated with 
the electrochemical reactions. The polarization losses include activation polarization and 
concentration polarization. The activation polarization is caused by overcoming the energy 
barrier (activation energy) for Li+ ion in LIB of the slowest reaction among the reaction 
mechanism which determines the rate of the overall reaction. Overcoming the energy barrier 
results in a shift in the potential of the cell. The concentration polarization is caused by the 
concentration difference of species near the surface of the electrode and in the bulk electrolyte 
when the rate determining step is the mass transfer of a specie among reactants.  
The other significant loss which affects the performance and operating potential is internal 
resistance of the cell which is usually referred to as Ohmic polarization. The Ohmic 
polarization is caused by the ionic conductivity of the electrolyte, electronic resistance of the 
active materials and current collectors and the interfacial resistance between them. All internal 
resistances are defined as Rinternal. To maintain Ohm`s law, which is the linear relationship 
between potential and current, the potential of the cell will drop to preserve the load current. 
The operating voltage of a cell connected to an external load R can be expressed as; 
E = E° - [(ƞct)anode + (ƞc)anode + (ƞct)cathode + (ƞc)cathode] - iRinternal = iRexternal 
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where E° is the open circuit of the cell, the activation polarization of cathode and anode are 
designated by the (ƞct)anode, (ƞct)cathode, respectively. The concentration polarization for anode 
and cathode are represented by the (ƞc)anode, (ƞc)cathode respectively. The letter “і” is the operating 
current on load. If a cell operates at a high current, the operating voltage will widen the gap to 
the open circuit voltage(OCV). Figure 1.15 (b) shows the polarization losses including 
 
Figure 1.15 (a) Charge and discharge voltage profile for Multi-layer electrolyte cell (1.0M LiPF6 in 
EC:DMC (1:1vol/vol%) / S.E. / 0.1mol% LiTFSI in Py14TFSI) of Li / Li1.2Ni0.15Mn0.55Co0.1O2 at C/30 
rate and 55`C (b) polarization effectors on voltage variations (c) electrochemical impedance 
spectroscopy for multi-layer electrolyte cell of Li / Li1.2Ni0.15Mn0.55Co0.1O2. 
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activations, concentrations, internal resistances of a cell as functions of operating current. 
Although low current (1/30C-rate) is loaded at the multi-layer electrolyte cell, as shown in 
figure 1.15 (a), MEC has high polarization and less capacity compared to coin cell. Figure 1.15 
(c) shows that MEC has much higher resistance than that of coin cell and there are two semi-
circles. First small semi-circle is regarded as one for solid electrolyte Li1.3Ti1.7Al0.3(PO4)3 used 
in multi-layer electrolyte cell. The other big semi-circle is due to ionic liquid defined in cathode 
compartment, which should have high resistance with solid electrolyte and interface resistance 
with cathode`s surfaces. 
Figure 1.16 shows that MEC (1.0M LiPF6 in EC: DMC (1:1) / Solid electrolyte / 0.1 mol% 
LiTFSI in Py14 TFSI) without active materials has second semi-circle resistance through 
electrochemical impedance spectroscopy. It is the interface resistance between ceramic 
electrolyte and ionic liquid. This interface resistance makes it difficult to transfer Li+ ion charge 
between them.  
Figure 1.16 Electrochemical impedance spectroscopy for Multi-layer electrolyte cell  
(1.0M LiPF6 in EC:DMC (1:1vol/vol) / Solid electrolyte / 0.1mol% LiTFSI in Py14TFSI) 
without active material. 
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There is other data to confirm the multi-layer electrolyte cell`s properties using LiCoO2, 
LiFePO4 materials as shown in fig. 1.17. These cells operate reasonably at room temperature 
low C-rate 1/40 C, 1/30 C respectively. But, there is large polarization in case of increase of the C-rate. 
The ionic liquids have commonly high viscosity to affect ion conductivity and interfacial 
resistance between solid electrolytes and ionic liquids.  
Figure 1.17 Voltage profile for Multi-layer electrolyte cell (1.0M LiPF6 in EC:DMC (1:1vol/vol%) / 
S.E. / 0.1mol% LiTFSI in Py14TFSI) cycling (a) Li / LiCoO2 half-cell, (b) Li / LiFePO4 half-cell at room 
temperature. 
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To reduce the internal resistance of the multi-layer electrolyte cell, we prepared the solid 
electrolyte Li1.3Ti1.7Al0.3(PO4)3 with porosity that could expand the contact surface with ionic 
liquid electrolyte. The ionic liquid electrolytes were inserted into the porosity of the pellet to 
broaden area and reduce interfacial resistance between ionic liquid and solid electrolyte. To 
make the porosity on the pellet, we prepared a mixture pellet of LTAP powders and LTAP 
precursors with specific ratios. When we synthesized the porous LTAP pellet, LTAP precursors 
left the porosity on the pellet. As seen in figure 1.18, TGA shows that 16 wt% percentage of 
the mixture pellet evaporates. SEM image inserted in fig. 1.18 also shows the surface`s 
difference between pellets. Physisorption analyzer measures the total pore volume of ceramic 
electrolyte pellet. The porous LTAP pellet has 1000 times wider pore volume than that of 
OHARA LTAP pellet. (8.16 x 10-3 cm3/g and 3.76 x 10-6 cm3/g respectively) The ionic liquids 
are impregnated into the porous pellet and reduce the resistance of the MEC. 
Figure 1.18 (a) Thermogravimetric analysis of OHARA LTAP pellet, precursor and mixed pellet 
inserted SEM images of OHARA LTAP pellet and porous LTAP pellet. 
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 As seen in figure 1.19 (a), the porous pellet type MEC has lower resistance than that of 
previous MEC model 1. Especially, the second large semi-circle of former MEC decreased very 
much. We consider that the interfacial resistance between ceramic electrolyte pellet and ionic 
liquid is important because the second semi-circle of the OHARA pellet type MEC model 1 
decreases when pellet is replaced with porous pellet. That means porosity of the pellet contains 
the ionic liquid and helps LTAP pellet reduce that interface resistance between pellet and ionic 
liquid. Figure 1.19  
Figure 1.19 (a) Electrochemical impedance spectroscopy for three type multi-layer electrolyte cells of 
Li / Li1.2Ni0.15Mn0.55Co0.1O2 (b) schematic ion conducting pathway throughout multi-layer electrolyte 
cell. (b) shows schematically the viscous ionic liquid defined in cathode compartment is not compatible 
with sleek OHARA LTAP pellet. However, porous LTAP pellet have wider surface area to contact with 
ionic liquid and reduce the resistance. 
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 The porous LTAP pellet type multi-layer electrolyte cell has higher capacity because it has 
lower internal resistance than that of previous MEC model 1. As seen in figure 1.20, porous 
type MEC shows capacity over 250 mAh/g, which is comparable to that of coin cell using 
carbonate- base electrolyte. The carbonate electrolyte containing LiPF6 is oxidized easily at 
high voltage as shown in figure 1.12 (a) and negatively influences the charge / discharge curve 
in figure 1.13. Operating the cell at elevated temperatures activates the Li2MnO3 component in 
the cathode materials and delivers more capacities. But, these harsh conditions accelerate the 
oxidation decomposition of the electrolyte and consume reversible Li+ ion. The large charge 
capacity and low coulombic efficiency suggest that carbonate electrolytes are oxidized. the 
porous type MEC has large capacity and good coulombic efficiency that means reversible 
electrochemical reaction occurs at cathode materials. Although multi-layer electrolyte cell 
improved the electrolyte`s stability at high potential, there is capacity and voltage fading during 
cycle because of compositional phase change of the over-lithiated layered oxide materials55. 
 To identify the effect of the multi-layer electrolyte (L.E./S.E./I.L.) compared to ionic liquid 
electrolyte, test coin half-cell using only the Py14 TFSI ionic liquid electrolyte at same condition 
shown as figure 1.21. The coin cell showed a high charge and discharge capacity at first cycle 
comparable to multi-layer electrolyte cell (L.E./S.E./I.L.), but the voltage curve of the second 
cycle had deceased during cycling. It is supposed that ceramic solid electrolyte 
Li1.3Ti1.7Al0.3(PO4)3 pellet stabilizes the cell in harsh conditions and prevents the electrolytes 
being blended and crossover of the decomposition product.  
 
47 
 
Figure 1.20 Charge and discharge voltage profile for porous pellet type multi-layer electrolyte cell 
(1.0M LiPF6 in EC:DMC (1:1vol/vol%) / S.E. / 0.1mol% LiTFSI in Py14TFSI) of Li / 
Li1.2Ni0.15Mn0.55Co0.1O2 at C/20 rate and 55oC. 
Figure 1.21 Charge and discharge voltage profile for ionic liquid electrolyte half-cell (Py14TFSI) of Li 
/ Li1.2Ni0.15Mn0.55Co0.1O2 at C/20 rate and 55oC. 
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1.8 Conclusion 
Multi-layer electrolyte cell (MEC) was designed to improve the stability of the electrolyte at 
high voltage and elevated temperature. Linear sweep voltammetry studies confirmed that ionic 
liquid electrolyte has higher potential stability than that of carbonate-based electrolyte. MEC 
(L.E./S.E./I.L.) improved the stability of Li / Li1.2Ni0.15Mn0.55Co0.1O2 half-cell at high voltage 
and elevated temperature. But, the solid electrolyte Li1.3Ti1.7Al0.3(PO4)3 which is used in MEC 
has high interface resistance between ceramic electrolyte pellet and ionic liquid electrolyte. 
The porous solid electrolyte broadens the contact surface area with ionic liquid electrolyte, 
which reduces the interfacial resistance between them. The porous pellet type MEC of Li / 
Li1.2Ni0.15Mn0.55Co0.1O2 half-cell has comparable capacity and high stability at high voltage 
and elevated temperature. MEC designs have intrinsic high internal resistance compared to 
commercial LIB, so the solid electrolyte should develop their ionic conductivity and good 
interfacial resistance. 
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Chapter 2. 
 
2 Next generation Multi-layer electrolyte for high energy density Li-ion battery 
2.1 Solid electrolyte interphase (SEI layer) formation on graphite anode 
The electrochemical stability window of the carbonate-based liquid electrolyte is lower than 
the potential of graphite anode, causing a reduction in the decomposition reaction of the 
electrolyte shown as figure 1.2. The solid electrolyte interphase (SEI layer) on the surface of 
the graphite anode is formed to prevent further decomposition reaction during first 
decomposition of the electrolyte. But, SEI layer formation of graphite anode is an obstacle to 
realization of high energy density LIB because it consumes the Li+ ions and capacity which 
could be delivered reversibly within LIB. This consumption of Li+ ions reduces the reversible 
capacity of the LIB full-cell and parts of cathode materials which should contribute high 
potential as shown in figure 2.1 56,57,58. Therefore, by inserting ceramic electrolytes, lithium 
source additives, that can provide additional Li+ ions to increase the initial capacity, the 
capacity of the LIB is restored and maximizes the cathode materials to utilize for high energy 
LIB. After that, the ceramic electrolyte has wide application to LIB functioned as the ionic 
conductive solid electrolyte 59. 
 
2.2 Ceramic electrolyte candidates for lithium source material 
The lithium source additives candidate group should have redox potential of 2.5V ~ 1.0 V 
vs. Li/Li+ to be inactive at LIB full-cell operating voltage 4.2V ~ 2.5V like blue box area in 
figure 2.1 (d). Sulfide and oxide series materials are included among lithium source additive 
candidates. As seen figure 2.2 (a) and (b), sulfide-based materials have a high-energy level of 
50 
 
sulfur 3P6 orbital, which causes decomposition of sulfide material at high voltage 3.0 V vs. 
Li/Li+. On the other hand, oxygen 2P6 orbital of oxide material is stable at high potential 
because it has a higher energy level than 4.2V vs. Li/Li+ in figure 2.2 (b).  
 
Figure 2.1 (a) SEI layer formation consumes the Li ions causing dead volume of the cathode 
materials (b) reduction of the capacity limited in full-cell by SEI layer formation (c) Lithium 
source additives compensate the capacity consumed by SEI layer formation, which leads the 
cathode materials utilized at the max (d) lithium source additive candidates and conditions for 
the additive. 
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Figure 2.2 (a) Voltage profile showing the capacity, redox potential and stability of the lithium 
source additive at high voltage (b) Schematic of their corresponding energy vs. density of states 
describing Li+ ions contribution and the stability of the candidate at high voltage. 
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Lithium source materials, Li1.3+1.7Ti1.7Al0.3(PO4)3 have open-circuit voltage (OCV) 2.4V vs. 
Li/Li+ and provide the additional 1.7 mole of Li+ ions per 1 mole of Li1.3+1.7Ti1.7Al0.3(PO4)3 to 
graphite anode during charging process, which minimizes the dead volume of the cathode 
materials. After charge process, Li1.3Ti1.7Al0.3(PO4)3 (LTAP) materials does not react 
electrochemically as electrode in cut-off voltage and function as solid electrolyte which has ion 
conductivity 1.9 x 10-4 S/cm as shown in figure 1.11. 
Li4Ti5O12, LTAP materials can be used in oxide materials. LTAP materials have ionic 
conductivity, which could provide ion-pathway inside cell. Since LTAP materials are lithium 
deintercalated materials, lithium intercalated materials which have same structure must be 
synthesized in advance. Therefore, we made lithium intercalated materials chemically and 
identified the properties of the material. 
 
2.2 Experiment 
LiTiS2, Li4Ti5O12, LTAP were used as candidates of lithium source additive. The LTAP 
powders were synthesized according to previous chapter 1. Lithium intercalation 
Li1.3+1.7Ti1.7Al0.3(PO4)3 powders were obtained by reaction of Li1.3Ti1.7Al0.3(PO4)3 powders and 
n-butyl lithium in hexane solution in excess as shown in figure 2.3 60,61. Filtered and washed 
the product with hexane. The slurry of lithium source additives material 80wt%, super P 10wt% 
and PvdF 10wt% was loaded on an aluminum current collector. Lithium intercalation material 
was blended with cathode materials in some ratio. 
A 2032-type coin cell was employed to assess the electrochemical performance of the lithium 
source full-cell. 1.0 M LiPF6 dissolved in a mixture of ethylene carbonate (EC), 
diethylcarbonate (DEC) (1:1 vol/vol) was fabricated as electrolytes. Porous 20 µm thick 
polyethylene (PE) film was used as the separator. All the processes for fabricating the 
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composite electrode and assembling the coin cells were carried out in the Ar-filled glove box. 
Full-cells with graphite/LiCoO2 (reference), graphite/LiCoO2 blended with lithium source were 
assembled. 
 
 
 
  Figure 2.3 Preparation of lithium source material Li1.3+1.7Ti1.7Al0.3(PO4)3  
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2.3 Result and Discussion 
For testing of LiTiS2 sulfide materials to use lithium source additive at high voltage, 
Li/LiTiS2 half-cells were measured under cut-off voltage of 4.2V to 2.0V. Since the sulfur 3P6 
orbital of the LiTiS2 material has a high-energy level, it decomposed irreversibly above 3.5V 
shown in figure 2.2 (a). When applied to the cathode side of full-cell, there was long charge 
reaction during decomposition of sulfide material. Therefore, it is difficult to use sulfide 
materials which has low high voltage stability as lithium source. 
Oxide series include spinel structure Li4Ti5O12, NASICON-type structure LTAP materials. 
The lithium intercalation material Li4+3Ti5O12 of deintercalation materials Li4Ti5O12 is difficult  
Figure 2.4 (a) Powder X-ray diffraction pattern of the Li1.3Ti1.7Al0.3(PO4)3 and 
Li1.3+1.7Ti1.7Al0.3(PO4)3 (b), (c) crystal structure of NASICON – type Li1.3Ti1.7Al0.3(PO4)3 by z, 
x axis respectively. 
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to chemically synthesize because of the higher the energy level, the lower the stability of the 
Li intercalation material. On other hand, NASICON-type structure material is easy to make 
easily into lithium intercalation materials. Furthermore, LTAP material possesses the highest 
ionic conductivity among various substituents of the NASICON-type structure. It is significant 
that lithium source additives are ion conducting materials. These additives should block the Li+ 
ion pathways throughout cell. However, LTAP materials transfers Li+ ions to the other electrode 
smoothly. Figure 2.4 shows that powder X-ray diffraction pattern of the ground 
Li1.3Ti1.7Al0.3(PO4)3 material, Li-rich Li1.3+1.7Ti1.7Al0.3(PO4)3 material. The LTAP material can 
perform Li intercalation/deintercalation reaction as an electrode material as well as an Li+ ion 
conducting solid electrolyte. It has two Li sites M1, M2 of NAISCON-type structure as shown 
in figure 2.4 (b), (c). The M1 site is occupied by existing Li+ ions. Additional Li+ ions can be 
inserted into vacant M2 site.   
To chemically synthesize Li1.3+1.7Ti1.7Al0.3(PO4)3, LTAP powder and n-butyl lithium solution 
were reacted in Ar atmosphere. We have synthesized Li1.3+1.7Ti1.7Al0.3(PO4)3 occupied with 
additional Li+ ion into vacancy M2 Li site of LTAP material. Figure 2.5 (a) shows that the ionic 
conductivity of Li1.3+1.7Ti1.7Al0.3(PO4)3 decreases because the vacant Li sites M2 are filled with 
extra Li+ ions. It is reasonable that sites filled with Li+ ions in the structure cannot conduct Li+ 
ions faster than before. After delithiation of the lithium source materials, the ionic conductivity 
of Li1.3Ti1.7Al0.3(PO4)3 material in figure 2.5 (b) is 1.9 x 10-4 S/cm at room temperature. It is 
expected to help ionic conduction as solid electrolyte after delithiation from lithium source. 
Half-cell with synthesized Li1.3+1.7Ti1.7Al0.3(PO4)3 shows open-circuit voltage (OCV) 2.1V vs. 
Li/Li+ in figure 2.5 (c). This indicates that Li intercalation has worked well. However, when 
this material electrode is exposed to air, the OCV rises and the amount of Li deintercalation is 
greatly reduced. It was tested at a very low current of 1/40 C-rate. The initial charge capacity 
of Li1.3+1.7Ti1.7Al0.3(PO4)3 was more than 110 mAh/g54, which was slightly lower than 
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theoretical capacity, but the amount of Li intercalation can be utilized for additive. This material 
satisfies qualifications for lithium source; operating voltage at 2.5V Li/Li+ and stability at 4.2V 
vs. Li/Li+ without side-reaction. Figure 2.5 (d) shows that Li1.3+1.7Ti1.7Al0.3(PO4)3 material has 
poor C-rate capabilities of 1/20 C-rate. It has low initial charge capacity, 80 mAh g-1, meaning 
probably provides less Li+ ions to SEI layer formation at 1/20 C-rate.  
 
Figure 2.5 Ionic conductivity of (a) lithium source additive Li1.3+1.7Ti1.7Al0.3(PO4)3 and (b) 
ceramic electrolyte Li1.3Ti1.7Al0.3(PO4)3 (c) charge/discharge voltage profile (d) C-rate 
capabilities of 1/40 C-rate and 1/20 C-rate Li / Li1.3+1.7Ti1.7Al0.3(PO4)3 half-cell. 
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We designed Graphite / LiCoO2 full cell with N/P ratio of 1.2. The SEI layer on the graphite 
is formed during the first charge, which of the amount is examined with reference cell. We 
compensate the Li+ ion consumption, capacity, by blending lithium source additives with 
cathode materials. The delithiation of Li1.3+1.7Ti1.7Al0.3(PO4)3 shows charge capacity from 1.5 
V in full cell. This Li1.3+1.7Ti1.7Al0.3 (PO4)3 material contributes Li+ ion in the first charge cycle 
and is inactive in subsequent cycles. Compared to the same N/P ratio graphite/LCO reference 
cell, more reversible capacity is secured in the initial and following cycle of full-cell as shown 
in figure 2.6 (a), (c). Figure 2.6 (b) shows the contribution of lithium source during SEI layer  
Figure 2.6 (a) Initial full cell cycle performance of pristine and the mixed 
Li1.3+1.7Ti1.7Al0.3(PO4)3 with LiCoO2 cathode at C/20 rate. The anode is the graphite. (b) 
magnifying initial charge capacity provided by lithium source (c) subsequent cycle of them at 
C/10 rate. (d) The corresponding charge/discharge performances cycled at C/20 for initial two 
cycles and C/10 for the subsequence cycles. 
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formation. We calculate the specific capacity of LiCoO2 cathode material, 
Li1.3+1.7Ti1.7Al0.3(PO4)3 material respectively to identify contribution of lithium source. At 
initial charge process, lithium source provides additional capacity of about 65 mAh/g of 
Li1.3+1.7Ti1.7Al0.3(PO4)3 specific capacity. This is coincident that Li1.3+1.7Ti1.7Al0.3(PO4)3 material 
has poor C-rate capability of 1/20 C-rate. The increase of reversible capacity could be 
confirmed in figure 2.6 (d). 
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2.4 Conclusions 
 The graphite anode forms the SEI layer (Solid electrolyte interphase) consuming the 
reversible lithium ion in LIB because the electrochemical stability window of electrolyte is 
higher than redox potential of graphite. The ceramic electrolyte Li1.3Ti1.7Al0.3(PO4)3 (LTAP) 
materials provides additional lithium source to recover the capacity of LIB full-cell. They have 
NASICON – type structure of two Li sites M1, M2. The M1 site is occupied by existing Li+ 
ions, additional Li+ ions can be inserted into vacant M2 site. Li rich Li1.3+1.7Ti1.7Al0.3(PO4)3 
materials are synthesized chemically and used by lithium source in LIB full-cell. When 
lithiation in NASICON – structure, Li rich Li1.3+1.7Ti1.7Al0.3(PO4)3 has lower ionic conductivity 
than that of before. However, after the first charge cycle, LTAP has ionic conductivity 10-4 S/cm, 
so it is help lithium ion conduct inside cell. LTAP materials provide an additional lithium source 
ofabout 110 mAh/g. The contribution of lithium source material is confirmed by applying to 
graphite / LiCoO2 full-cell. To achieve higher capacity, ceramic electrolyte materials that have 
higher capacity could be applied. 
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